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p 1 0 BACKGROUND OF THE INVENTION 
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The present invention relates to detection of neutrons. More specifically, 
the present invention relates to a method and device for the efficient detection of neutrons 
that employs a boron-rich semiconductor as an electrically active part of the detection 
device. 



© 15 Neutron scattering is an important research method to determine the 

structure of solids and liquids. It is used to understand the forces that act between the 
atoms in these systems and to determine the magnetic behavior of materials as well. The 
research and practical applications cover a broad range of areas, from the basic properties 
of materials to studies of engineering and medical applications. 

20 There are essentially only four elements suitable for forming solid state 

semiconductor neutron detectors - boron (B), cadmium (Cd), gadolinium (Gd) and 
lithium (Li). Lithium semiconductor materials exist (LiInS 2 , LilnSej and LiZnP) but are 
difficult to reliably fabricate into devices and are very difficult materials with which to 
work. Gadolinium conversion layer based silicon (Si) diodes have been fabricated and 

25 proposed for neutron detection, but are not particularly stable. Cadmium zinc telluride 
has been shown to yield thermal neutron detection and the cadmium neutron capture cross 
section is high, but the neutron capture produces such high energy gamma rays (over 0.5 
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MeV) that the detectors would have to be large in order to detect these gammas 
efficiently. 

Use of boron with neutron detectors is known both in the scintillator, the 
gas and the conversion layer varieties. Boron phosphide (BP) heterojunction diodes with 
silicon were successfully tested as alpha radiation detectors, but failed to work as neutron 
detectors. Boron carbide (B 4 C) was successfully used as a neutron detector based upon ^7 
resistivity changes resulting from increased lithium doping, as were((U^JBF^ 
The lithium production in the boron carbide was a result of the following nuclear 
reactions: 

10 B + n- 7 Li (l.OlMeV) + 4 He (1.78MeV) 

10 B + n - 7 Li (0.83 MeV) + 4 He (1 .47 MeV) + y (0.48 MeV) 

Boron has also been considered as a coating to a silicon diode and a GaAs 
diode but the maximum efficiency is low (less than 5%). 

Existing gas and liquid neutron detectors are much larger and less rugged 
than solid-state ones could be. However, existing solid state neutron detectors also suffer 
serious limitations. For example, known boron-doped semiconductors are only a few 
percent efficient because they contain relatively little boron. Gadolinium, lithium and 
hydrocarbon conversion layers are all adversely affected by corrosion and high 
temperatures. 

Furthermore, known conversion layer devices have low efficiencies, 
unless multiply stacked, because the range of the reaction products in the material of the 
conversion layer is generally considerably less than the thickness required for stopping 
thermal neutrons. Gadolinium conversion layers are an exception - but the neutron - 
gadolinium reaction results in conversion electrons of relatively low energy (70 keV) 
compared with the reaction products in the case of neutron capture by boron 10. 
Cadmium zinc telluride has been shown to yield thermal neutron detection, but the 
neutron capture produces such high energy gamma rays (over 0.5 MeV) that the detectors 
must be large to detect these gammas efficiently. Scintillator combinations with 
photomultipliers or intensified cameras are bulky and heavy and, except for neutron- 
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detecting scintillating fibers coupled optically to a remote photomultiplier or camera, are 
intolerant of high temperatures. 

Boron and boron compounds, including boron carbide, are also used in 
neutron absorbing shielding purposes in nuclear reactors and other types of neutron 
5 radiation environments. For example, boron carbide can be used with shielding, thermal 
electric power, or detection of neutrons (by means of the resistivity change not by 
detection of individual neutrons). However, use of boron carbide to detect neutrons 
where the boron carbide is an electrically active semiconductor is novel. 



m SUMMARY OF THE INVENTION 

£j? 10 It is an obj ect of the present invention to provide an inexpensive solid state 

HI neutron detector that includes a robust, structurally forgiving boron rich semiconductor, 

.jgl It is another object of the present invention to provide a boron carbide 

semiconductor that utilizes its electrical properties as a semiconductor rather than its 
electrical property of resistance as a means of detecting neutrons or its thermoelectric 
yfi 15 properties in detecting neutrons. 

A still further object of the present invention is to provide a detection 
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w5 device that yields high gain. 

A further object of the present invention is to provide a detection device 
that provides real time response. 
20 A further object of the present invention is to provide a detection device 

that is capable of detecting single neutrons. 1 

Yet another object of the present invention is to provide a detection device 
that has low sensitivity to gamma and other radiation. 

Still another object of the present invention is to provide a method of 
25 detecting neutrons with a detector device having a boron carbide semiconductor. 

According to the present invention, the foregoing and other objects are 
obtained by a detection device having a layer of boron carbide. In the device, the boron 
carbide layer is an electrically active part of the detection device. The sensing 
mechanism of the detection device is inherent in the electrically connected, 
3 0 semiconducting boron carbide layer, which provides neutron capture resulting in prompt, 
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innately highly amplified, electrical output signals following interception of neutron(s). 

Additional objects, advantages, and novel features of the invention will 
be set forth in part in the description which follows, and in part will become apparent to 
those skilled in the practice of the invention. The objects and advantages of the invention 
5 may be realized and attained by means of the forms of instrument and the combinations 
particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

In the accompanying drawings which form a part of the specification and 
which are to be read in conjunction therewith and in which like reference numerals are 
1 0 used to indicate like parts in the various views: 

Fig. 1 is a schematic representation of a heterojunction diode embodying 
the present invention; 

Fig. 2 is a schematic representation of the test device using the principles 
of the present invention. 
1 5 Fig. 3 depicts voltage-current characteristics of heterojunction diodes of 

the present invention; 

Fig. 4 depicts count rates of neutrons with insertion of heterojunction 
diodes of the present invention into a neutron reactor; and 

Figs. 5 and 6 depict the relationship of ideally attainable neutron detection 
20 efficiency as a function of the thickness of the boron-carbide layer of heterojunction 
diodes of the present invention in the cases of natural 10 Boron abundance and 1 00% 10 
Boron enrichment of the boron carbide layer. 

DETAILED DESCRIPTION OF THE INVENTION 
Referring initially to Fig. 1, a heterojunction diode 10 is shown. This 
25 invention also applies to homojunction diodes and other known semiconductor detection 
devices, examples of which are provided below. Diode 10 is shown as having a boron 
carbide boron-carbon alloy semiconductor 12 on a silicon substrate 14. Semiconductor 
12 is grown by plasma-enhanced chemical vapor deposition (PECVD). The preferred 
deposition technique is disclosed in U.S. Patent Nos. 4,957,773 (Spenser, et al.); 
30 5,468,978 (Dowben); 5,658,834 (Dowben), which patents are expressly incorporated by 
reference herein. A pair of sputter-deposited gold electrodes 16 communicate with 

697526.2 



AMENDED SHBBT 



iff/US 99/28038 
^PEA/US 13 NOV 2000 

-5- 

semiconductor 12 and substrate 14. Secured to each electrode 16 is a wire 1 8 that serves 
to connect electrodes 16 to a bias voltage source and an electrical detection device such 
as a charge pulse measurement circuit. The sensory/measurement devices as well as 
monitoring devices are known and will not be discussed further. 

Essentially, the invention works by including a boron-rich carbon alloy as 
an electrically active semiconductor region of a detector and by placing the detector 
where it can receive neutrons. The preferred way to detect neutrons is with atoms which 
are the most likely to capture neutrons and in which each neutron capture leads to the 
creation of one or more energetic charged particles whose mass is large compared with 
that of an electron and whose energy is large and can efficiently be converted to a 
measurable electrical signal. Boron atoms are highly likely to capture neutrons and such 
neutron capture creates highly energetic ions. 

The following two reactions between boron isotope 1 0 ( 10 B) and a thermal 
neutron form the basis for neutron detection as contemplated by the present invention: 

10 B+nthcnnai - 7 Li (0.84MeV) + 4 He (1.47MeV) + y ^ 

(0.48MeV> — ^ . — 

10 B + - 7 Li (LOlMeV) + 4 He (1.78MeV) 

With a boron-rich semiconductor, the boron captures the neutron and 
promptly decays into high-energy ions. The energetic ions cause secondary ionization 
of orders of magnitude more atoms in the surrounding materials for each captured 
neutron, liberating a correspondingly large electrical charge. The diode nature of the 
device enables the electrical charge to be collected. Also, incorporating the boron-rich 
alloy as an electrically active semiconductor part of the detector allows for the overall 
thickness of the device to be reduced while retaining high efficiency of neutron detection. 

The first device to use this concept was a boron-carbon alloy 
semiconductor (grown by plasma-enhanced chemical vapor deposition) on a silicon 
substrate with sputter-deposited gold electrodes, as shown in Fig. 2. As seen in Fig. 2, 
a boron carbide/silicon diode 20 is connected to a charge sensitive preamplifier 22. 
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Charge sensitive preamplifier 22, in turn, is connected to a bias voltage input 24 and a 
single channel analyzer / multichannel scaler 26 which is connected to a computer 28. 

In this heterojunction diode, the above reactions lead to dense local 
ionization of atoms and hence production of electron-hole pairs (at least of order 5xl0 5 
pairs per neutron reaction), many of which are collected due to the applied bias voltage 
and form a charge pulse which is registered and counted by external circuitry. Such a 
device was first tested successfully on July 24, 1998 at the nuclear reactor in the VA 
Hospital in Omaha, Nebraska. This device could be improved in several ways, including 
10 B-enrichment (to nearly 100% l0 B from the naturally occurring approximately 19% 10 B 
found in unenriched boron), increasing the thickness and quality of the boron carbide 
layer, changes in the electrical configuration and electrical circuitry, and changes in the 
functional and geometrical configurations. 

The deposition of films for the heterojunction diodes (boron-carbon alloy, 
B 5 C, on (1 1 1) Si) performed in this test was undertaken in a custom designed parallel 
plate 1 3.56 (MHz radio-frequency PECVD reactor used in previous studies). The silicon 
substrates were doped to 7xlO l4 /cm 3 . The (1 1 1) Si substrates surfaces were prepared by 
Arf ion sputtering in the plasma reactor. The source molecule gas closo-1,2- 
dicarbadodecaborane (ortho-carborane, C 2 B 10 H 12 ) was used as the source compound for 
growing the boron carbon alloy. 

Typical B 5 C/n-type silicon heterojunctions have been routinely formed by 
this technique. An example of one such diode device is presented in Fig. 2 with the 
boron carbide alloy layer of about 1000 nm thick as used as a neutron detector. These 
devices typically have onsets of 1 eV with very little leakage current (less than 5 \xA at 
25 °C) and the boron carbide layer has the p-type character of the undoped PECVD 
semiconducting boron carbide in this device topology. 

area of these heterojunction di ode s was - about 1 cm 2 . 



wired in a "mesa" geometry. The neutron source was as^^LTRIGA^pe reactor (V.A. 
Medical Center, Omaha^NE)wth^ on calculations for the 

fission chambet--A--heterojunction diode, reversed biased to about 3 V, was wired for 
-s hown -m Jigurfi ? . an d- inse rte d into th e re actor. The r esulting cuun t- 
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rates with insertion are plotted in Figure 3 . Background and noise counts are in the range 
of 250 to 300 Hz, and within the reactor, th^cbunt rate rises to 2xl0 5 Hz. 

To assure that very little of this count rate is attributable to gamma 
radiation, the diode was tested against a 100 mCi 137 Cs source for gamma radiation at a 
distance of 10 cm. The 661 keV gamma rays provided no detectable increase in count 
rate above background in spite of an expected 10 6 gamma rays incident on the diode per 
second. This is consistent with the expected extremely low gamma-ray sensitivity of such 
a solid state boron-carbon/silicon semiconductor alloy device, since boron and carbon 
have low atomic numbers and the boron-rich detectors were made very thin (1000 nm), 
and the electrically active silicon layer was under 600 nm thick. 
^ Q$> / ^^SB ^ at^me^ ^ cou n tfi are ^ ttri but able to neutr ons^n4Aat=aye"h?Tf 

carbide film fa^afxnit 1 000 nm thick, the detection efficiency is thus about 1 %. Given-that 
devices can be made with boron carbide of 50 nm to 100 nm in thickness^dnd with 
depletion layers extending several nanometers, the single (thermal) neutron detection 
efficiencies are, conservatively, expected to reach 80% and highef^ devices which 
simultaneously have exceedingly low y-ray sensitivity (< 1% ^tection efficiency for all 
energies greater than 100 keV and < 0.01% for all eperane^j above 0.5 MeV, assured by 
the use of boron as the dominant atomic specie^ff^^ce the neutron - ,0 B interaction 
results almost exclusively in the yield of WgMvimnaang lithium ions and alpha particles 
of total kinetic energy about 1 .5 MeV andtiie boron atoms form the major species in the 
active semiconducting regions of the^vices, the boron-carbon alloy layer of the detector 
yields an enormous internal gain (considerably greater than 10 5 ) which is essentially 
noise-free and comparable with the gain of the intensifiers and photomultipliers 
commonly used ins<5intillation-based detectors and imagers. By using exclusively l0 B 
enriched boranes in the PECVD fabrication process, detection efficiency with thinner 
films cap4>e considerably improved compared with devices whose 10 B content reflects 

thgdria^^ " 

As seen in Figure 2, the electronics demands are minimal compared with 
those for gadolinium neutron conversion layer-based detectors (which rely on the much 
smaller 70 keV energetically available for signal generation by the conversion electrons 
from gadolinium), while ensuring considerably greater efficiency and stability. 
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Additionally , the boron-carbon devices can be thinner than 1 00 nm thick and still achieve 
nearly 100% thermal neutron detective efficiency. Stacking diodes, interleaved with 
neutron energy absorbers, to form efficient neutron "calorimeters" or spectrometers is 
also possible. In combination with boron carbide based high temperature electronics, the 
boron-carbon based neutron detection systems are expected to be particularly applicable 
in harsh environments because of the refractory and mechanical performance of boron 
carbide. The boron-carbon devices may even be fabricated on metal substrates as well 
as fabricated with spatial resolution that could be on scales smaller than 0.5 nm. There 
is the possibility of fabricating spatial array detectors, including position sensors for 
scattering experiments, as well. 

High efficiency is achieved because there is a proportionally large amount 
of boron present in the semiconductor layer. The boron carbide semiconductor has boron 
of whatever isotope one therefore chooses present in atomic fractions in the order of 80%. 
This is exceedingly rich in boron compared with any other suitable semiconductor. 
Because the density of boron atoms in the material is so high, the boron-rich layer can be 
quite thin and still contain enough boron atoms per unit area to be able to detect the 
neutrons very efficiently. In naturally occurring boron there is close to 20% of the boron 
atoms which are l0 B atoms which are the isotopes which interact strongly with neutrons 
to give the reactions provided above. It is certainly possible to increase the fraction of 
boron that is l0 B from natural abundance to about 95% or higher. This enrichment would 
result in 10 B atoms accounting for a fraction, about 80% or higher, of all atoms in the 
semiconductor boron carbide layer. Hence, if material enriched in 10 B is used rather than 
just the naturally occurring isotope ratio of ,0 B, the efficiency increases even further. 

Another important issue for efficiency is not just the reaction of the 
neutron with boron, but the ability to detect the reaction. By incorporating the boron 
atoms in an electrically active semiconductor where the lithium ion and the alpha particle 
can cause dense ionization of other atoms, many electron-hole pairs can be created by 
ionization of the atoms, and the electric fields that can be applied across the boron carbide 
layer can sweep out a large fraction of the electron-hole pairs. Thus, there are three 
aspects to efficiency. The first is l0 B being present in large number density. The second 
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being that the reaction of 10 B with neutrons results in ions which very efficiently ionize 
atoms in the surrounding in an electrically active semiconductor where the charge can be 
swept out efficiently. The third aspect of efficiency is that 10 B results in ions which have 
such a large energy that they can produce very large numbers of detectable^tectoonhole 



5 pairs. The reactions which occur between neutronsand'tHeotiier elements which give 
probable neutron interactions don't result in reaction products which are as readily 
detectable or detectable to give^sueh large signals. Boron is unique. 

Another point concerns detection devices having conversion layers 
containing boron. Neutron capture by boron generates the alpha particle and the lithium 

0 ion which can only travel a very limited distance. If conversion layer contained enough 
boron atoms to cause capture of a sufficient fraction of neutrons, then the layer will be 
so thick that the lithium and the alpha particles in some cases will not get out of the boron 
layer and, therefore, will not generate signals that are readily detectable. This is a severe 
defect compared with the boron carbide semiconductor devices of the present invention. 

^^ ^Sr4ffWnlion CaB T iie--n5»l l -in varimT^friifrrio ^f- g^^^.^^-^^^r ^, 

detectors presenting entrance detecting areas of order /um 2 to m 2 . These dgte<5fors are 
capable of being implemented with very thin detecting and electricajly^ctive regions 1 
jzm minimum effective electrical thickness), witi^eryjow mass per unit detecting area, 
with efficiencies ranging up to nearlyJiMM^e^i for single neutrons, with real-time 
,0 response, with high spatial^res^lution (^J^ni minimum), and with high temporal 
resolution. Of coyrs<unplementation may not always need to, or be able to, employ 
each of^tese attributes. Voltage and power needs are slight, as are charge pulse 
j c e ss in g le q u in un ei r i s . ■ - 

Although the invention is described above as relating to heterojunction 
:5 diodes, it is to be understood that the invention can be implemented in a large number of 
other ways, including homojunction diodes; p-i-n diodes; metal-semiconductor-metal, 
Schottky and other diodes; transistors; diode and transistor arrays; charge-induced devices 
(CID) and CID arrays; charge-coupled devices (CCD) and CCD arrays; solid-state 
neutron-detecting analogs of "photomultipliers"; neutron semiconductor avalanche 
0 devices; position-sensitive detectors, including those relying on charge subdivision or 
sensing and on current subdivision and those having capacitive or resistive means of 
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doing so; semiconductor drift detectors or semiconductor drift chambers; stacked series 
of one or more of the above detector types which are configured to serve as neutron 
energy spectrometers; individual or stacked series of one or more of the above detector 
types which also, or alternatively, serve as dosimeters. The dosimeters can be capable 
of yielding both real-time and cumulative dosimetry information once or many times, 
completely nondestructively of the dosimetry information contained in the detectors. 

The range of applicability of the present invention includes: medical 
radiation dosimetry; detecting nuclear material; anti-terrorism and anti-smuggling 
devices; monitoring of nuclear reactors, of nuclear storage units and facilities, and of 
nuclear weapons, weapons storage and weapons shipment; life science materials and 
physical sciences scattering experiments; monitoring of neutron sources; calibration of 
neutron flux; personnel and environmental radiation protection; radiation protection at 
high energy radiation facilities, including medical x-ray facilities (high energy ones); 
neutron cancer therapy; profiling of medical, therapeutic, research and other neutron 
beams; comet, planetary and other space exploration. 

From the foregoing, it will be seen that this invention is one well adapted 
to attain all the ends and objects herein above set forth together with other advantages 
which are obvious and which are inherent to the structure. It will be understood that 
certain features and subcombinations are of utility and may be employed without 
reference to other features and subcombinations. This is contemplated by and is within 
the scope of the claims. 

Since many possible embodiments may be made of the invention without 
departing from the scope thereof, it is to be understood that all matter herein set forth or 
shown in the accompanying drawings is to be interpreted as illustrative and not in a 
limiting sense. 
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